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ABSTRACT

Ramanbackscéttev,techniques have provenﬁto be a useful
remote sensing tooi, whose full potential:has not been realized
at this time. The type of information available from laser
probes in atmospheric studies are reviewed here and detection
levels for'known Raman cross—sections are calculated using the
laser radar equatioh. Laborgtory-exPeriments performed for
02 and HCl indicate that accurate wavelength

H,O0, N 'S0

2? 22
cross-sections need to be obtained, as well as more emphasis
on obtaining accurate Raman cross-sections of molecular species

.at wavelengths in the ultraviolet.
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A. INTRODUCTION

A number of investigators 1-5 pave probed the atmosphere ;i
' with laser excitétion and monitored specific molecular conStituenté
‘by measufihg the Raman emission from these molecules. ‘A;number'of
these 1nvest1gatlons have been concerned with meteorologlcal obse“-
vatlons, as well as potential appllcaflons to monltorlng pollutants
in the atmosphere. t, 6 Since the Raman cross-sections for particular
molecules are important in that they determine the sensitivity ofid
the teéhnique, a comprehensive reyiew of experimental determinatiéné“
is givén here. : v
Another objective of this program has been to review the
liferature and analyze critically the data from lidar systems to
déte. Iﬁ order to perform this task adequately, we have made
experimental measurements on various atmospheric species éuch as

H

N 0 and HQO. Also, we have computed signal intensities for

2’ v
several molecular species at various distances from a given laser
source and of predetermined energy. Included within this report is

alsoc a series of spectral plots of Stokes bands of some known

molecular species for several popular laser lines.

The full capabilify of the laser Raman backscattering techniqué
.gtill has not been realized. With the ever improving technologicalf
developments in laser sysfemé, as well as signal handling techniques,
the future of remote sytems is optimistic indeed. When one also
considers the various possible approaches such as land based, air-
plane or satellite systeﬁs, the amount of infénmation on meolecular

constitutents will be extensive indeed.



B. THE RAMAN BACKSCATTER TECHNIQUE

The Raman effectAis one member of a wide class of light
scattering processes caused ny molecular interactions with light .
' The most significant advantage of Raman scattering compared to most o
of the others is that the scattered radiation occurs at a wavelength
:shlfted away from the exciting wavelength. This wavelength shift is
characteristic of the molecular species being excited and thus pro—-
. vides a convenient, but relatively insensitive technique for molecular
1dent1f1cat10n or molecular density measurements A schematic
'1llustrat1ng the relatlonshlp of energy levels of a molecular speCLes
" for Raman and fluorescent processes is given in Figure 1. Since the
_‘Raman effect does not require excitation to a molecular energy level

or bound state, the process occurs in about 10° -12

Normally fluorescent emission occurs in 10~ ~7 to 107 -9 seconds, but

seconds or less.

\

_this type of emission is much more intense. A comparison of the
types of processes considered for atmospheric probes and some appro-

' priate comments are given in Table I.

TABLE I
' Scattering Process Characteristic Feature CrossqSection‘
s - | {cm™/ster)
Mie Most prominant for particles 10—?7 to 10-8
ARayleigh" | Particles and molecules , 10727
Raman | " Molecular Sloizg to 10730
Resonance Raman- Molecular N 10—23
16

Fluorescence . _Molecular 10~ or less
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The Raman effect was predicted, sometime before itsﬁexperi—
mental demonstration by Raman, on the basis of polarization effects
6f_molecules in elecfromagnetic fields. We do not need to develop
any of the theory here, as numerous textbooks on the‘subject exisf;7’8‘
- Our primary goal here is to outline cértainlsignificant results of
the theory.‘ The Raman effect 1s a second order efféct {hence its low
_cross-section) but also this second order dependéncé allows homonuclear
diatomics like nitrogen andgoxygen té be observed. As a general rule,}
since polarizability is a significan? parameter, mqlécules with lots
. 0f electrons are good Raman scatterers. Ionic béndé, such as occurring
in molecules 1ike LiF or HC1l will tend to be weaker. Raman scattering
is isotropic and the polarization orientation of the incident;light_
relative to the scatfered light depends upon the ﬁolarization tensor
fér the particular molecule. Hence one can obtain useful molecﬁlar

information using this technique.

The overall inteénsity of Stokes lines for the Raman process 1is

governaed by the relation o
N
(vo -V

I o
s -

yfl. - exp ( —h%hfkT)
and for the anti-Stokes lines

4
(vo + ui) exp (-hvi/kT)

IA a

Vs
1

- Hence we have an excellent temperature probe since combining the two

equations above gives

I—-IlH
w i

(vo + vi)”
= - = - hv./kT
e i

(vo —‘vi)




Experlmentally, a spectral scan can be performed over a broad
wavelength range on both sides of the excitation wavelength and
both Stokes and anti-Stokes bands will be measured. As 1nd1cated
in the preceding equation and illustrated in Fiéure_l, the relative
inténsitiés of thé Stokes and anti-Stokes béhds allow the temperature
of the sample to be_detérminedQ‘ For someaétrong Raman scatterers, a.
rotétiohal analysis:of fhe Raman spectrum near the excitation 1iﬁe can
be performed and the temperature can be determined independently of

vibrational energy levels.

With these concepts in mind, we can now consider what parameters
 'ére-necessary when evaluating a Raman backscatter experiment. “The
volume backscatter coefficient for'Raman'scattép is what we define

as the Raman backscatter cross-section per steradian or Op *

Hence our working equation for a laser Raman experiment uses
what is ¢alled the "laser radar" equation. Numerous forms are used,

deperiding on which geometry terms are required.

IS = IONLoRG(A,AR)
where \
G = Optical geometry parameter
I0 =" Total laser photon flux
N = Number deﬁsity of Raman scatterers
A, = Wavelength of incident light .
Ao = Wavelength of Raman emission
Uk = Raman. cross-section

L = Column length detected



'J.Several calculations have been performed using this equation.
Our goal was fo vary cértain'parameters such as azimuth angle and
“'heighf (i.e., distance from source) and power. Compromiseé'in
poﬁér‘and distance resolution had to be maintained sinqe a more
powerful pulse will in general have a ldnger pulse durafion. An
optimization study with the Raman backscatter equation allows one
to determine detectability levels for a particular Raman cross-section. -

Results of this approach are included in.Séction D.



- €. INSTRUMENTATION

The present trends in laser Raman spectroscopy for remote
sensing parallelsrthe‘trénds,in laboratory based'inétrumentation.
‘Thus a high power laser is used for excitation wﬁilé‘photon-
counting appears to be the most preferred approach'fdr signal
éhalysis, ,This'ié quite understandable since Raman cross-sections

are very small (~10730

cmz) and the Raman signéﬁs—can be extremely
weak. Howéver; in setting up a remote Sensing.experimenf one

uéually desires also to measure the distance at which ‘the Raﬁan
emitters reside relative to the receiver. TFor this reason, Pemoteg
sensing prefers a pulsed laser, which has the édded advantage that
it?also initiateé'éli timing sequénces for distance measurements.

- The gfeater specific‘power of a pulsed laser alsoc enhances the
absolute photon‘flux for the Raman process- itself. Gated photon
counting techniques then allows one to measuré the Raman intensities'
from specific disfanées to-be measured individually. Ideallyﬂone
‘can obtain a maximuméaméunt of geographical information by using

7 ﬁultichannel analyzer or minicomputer techniques to étore.the Raman |
emissions over the time scale. The references presented within this}
report illustrate fhe variety of techniques used for remote sensing;

but most of them do adhere to the concepts above. A typical arrange-

ment as given by Schildkraut6 is given in Figure II.

Note that in this arrangement a large Cassegrainian telescope
is used to collect a maximum amount of the return signal. The

collecting optics are usually a 16-36 inch mirror. There are a
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number of telescopic systemstWhich can work, but the Cassegrainian
‘system coffers several advantages: (1) spherical aberrations can

be made zero; (2) all other aberrations are negllglble for small
flelds of-view; (3) it 1s convenient geometry for coincident line-
of-31ght between the laser and the collector; (4) the phy51cal
length of the:feléscopé system is only 25% of the effective oﬁfical_
focal length (providing a relatively'compaqt unitl}; and (5) stréy
light baffling‘of a Cassegrién telescope is straight forward. One
caghot oﬁeremphasize thé necessity for eliminating stray light in

‘order to improve upon the overall sensitivity.

The type of spectral analyzef used for a remote sehsing system:
Qaries according to whethér the experiﬁents need to be broadband
in order to observe many difﬁérent molecular emissions or are intended
for just a few specific molecules. In the latter caseaspectrai filters
with 2.0-5.0 nm bandwidth are ﬁsually sufficient. Each molecular
Raman signal is unique for a particular laser source. Figufes ITI to
VII identify the spectral band positions for the more popular types of
lasers which would be useful for laser Raman studies. Hence for
the monitoring of specific ﬁolecules with a particular laser, spectral
characteristics like these will enable one to determine whiqh spectral

filters produce the desired result.

However, for the brecadband applications, which is most convenient
for a large number bf spectral bands and for a greater degree of
specificity (i.e., higher resolution), a monochromator is the more
.appropriate spectral analyzer. In terms of stray light elimination,

a monochromator is much more efficient than spectral filters and



for laboratory studies, double and even triple monochromators are’

used primarily for their efficiency in producing stféy light (from
-11

g thé~exciting Wavelength) ratics of 10 and better. In terms of

: sensitivity,‘a monochromator detector wiil actually "see" a‘smaller
‘lfrgétion of the‘desired sighal; however (espedially with photon
counting), a lower noise level is obfained. Beﬁause of the_reduetion
in intensity of the Signal with higher order monoghromaﬁprs, remote

sensing systems usually use single or double monochromators and

gated photoh'COunting for distance resolution.

Exfensivg research in the development of sensitive Raman in-
strumentation and in expanding the available commergial instrumentation
- useful for remote Raman experiments have made this technique very use- .
ful for molecular measurements. In spite of the relatively in-
sensitivity'of-the Raﬁan effect as compared to absorption, these

instrumental developments have made the technique highly acceptable-

for remote measurements.



D. . RAMAN CROSS-SECTIONS OF MOLECULAR SPECIES

Probably the most significant dataxobtained in the laborafory,
which can be utiliZedkiﬁ remote sensing, is knowledge of Raman cross-,
sections of molecular épecies. Since théytechHOIOgical developments
in laser Raman instrumeﬁtation have been evolvingrrapidly'into mofe
sophisticated systems, most emphasis has been placed in this afea.
Now that good instrumen{ation is.available, more research sﬁould be
placed in the area of molecular cross<sections. A listing of some

‘known cross-sections for molecules &f interest is given in Table 2.

Figure VII illustrates some results from our calculations on
detection limits for a typical laser Raman experiment. The known
cross;sections'for water, nitrogen, and oxygen are used for this cal-.
culation. Obviously the fur%her away the target molecules, the less

intense the Raman signals. It is interesting that at distances less

13_, 14

than 100 meters, molecular concentrations of 10 10 can be detected

-29

for UR"IO or less. Hence if any enhancement (resonance Raman)

oceUIrS, much lower concentrations will be detectable.



.Compound
Ammonia

Carbon dioxide
Carbon monoxide
Chlorine '
Ethane

Hydrogen
Hydrogen sulfide
Methane

Nitric oxide
Nitrogen
Nitrous oxide
Oxygen '
Sulfur dioxide
Water (vapor)

Hydrogen chloride

Raman line

shift Av, -

ceml

. 3340

1388
2143

540
2650

530
2611
2914
1887
2331
1290
1555
1120
3652
2990

TABLE 2

RAMAN CRQSS SECTIONS

Relative cross
- section compared
to nitrogen

Cross sectionlgt
4880 A and 18¢
obsaryation-aﬁgle

3.98

1.18
0.81
3.46
5.50
6.29
5.55
7.15
0.08
1.00
2.30
1.21

13.80
3.24

Uﬁknown

cm? molec™

2.80 % 107%%
g.30 x 107290
5.69 x 10730
2,43 x 10729
3.87 X 10723
h.42 X 1072°
3.90 x 10°2°
5.02 X 10728
5.62 x 10731
7.03 x 10799
2.04 % 1072°
" g.51.% 10730
'9.70 x 1072°
2,28 % 10720

Unknown

LT -
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E. EXPERIMENTAL RESULTS

.In order to provide a remote‘sensing program with sufficient
information for analyzing the data obtained, it is necessary thédt
some laboratory experlmentatlon be performed in order to prov1de
accurate 1nformat10n on molecular cross-sections and wavelengths
The experiments carried out here used a Cary 81 Raman Spectrophotometer
and a Spectra physics 164 Argon Ion Laser. Sample containers included
a stainless steel chamber (single pass, 180% incidence), a multi-
pass cell (20 passes maximum), and the atmosphere itself. Ordinarily
a qﬁartz lens focussed the laser beam into a very narrow‘line and |
_the light emitted from this volume was collected by the fore optics
4'of-the Cary 81. Although this particular instrument was intended for
- _Toronto Arc ex01tat10n, these laser excitations performed satlsfactorlly
Unfortunately, we were unable to utilize photon oountlng in these ex-
periments since the Cary 81 electronics package and photomultlpller
.tubes were not approprlate to innovate photon countlng into the

signal proce351ng

‘Examples of the spectra obtained in this manner are shown in
Figures VIII - XI. Our results compared favorably with the ones
' presented in references 1-5. Since our approach was primarily

: feasibility, we did not try to obtain. any absolute cross-sections.

It is significant to note that we obtained unusual results with
HC1l in the multi—pass_cell. The Raman peak should occur at 2990
cm_l away from the excitation line. Our results are illustrated in

Figure XI. Notice that we obtained two peaks at 3088 and at 3216



cm_l. We have not been able to explain this result at the present
time. It is a problem which justifies further research, egpecially

since HC1l is becoming more of a problem in aeronomic considerations.



CRCSS-SECTION (% OF SCAIE) ety

100

90

80

70

60

50

L0

30

20

10

[

FIGURE VIII - ATMOSPHERIC uz IN MULTIPASS GAS CELL

 LASER OUTPUT: 2 watts @ L88,0 nm
SENSITIVITY: 200
PERIOD CONSTANT: 0.5
ZERO SUPPRESSION: O .
SLIT WIDTH: 10 cm
SLIT LENCTH: 10 cm
SLIT: DOUBLE

1

! S T
2160 2170 2180 2190 2200 2210 ©2220

Aot — o

. '[Z _



CROSS-SECTION (£ OF SCALE)

100

FIGURE IX 90% 02 IN MULTIPASS GAS. GELL

- LASER DUTPUT: 2 watts @ hﬂ& 0 nm L

| . SENSITIVITY: 200
PERIOD CONSTANT: 0.S.
90 - 2ERO SUPPRESSION : 0 . .
k SLIT WIDTH: 10 cm
_ h SLIT LENGTH: 10 em
80 - sx.x'r. DOUBLE
0
70 -
I |
0 o h -
w -4
30 -
20 R L‘
10 -
o -y
10 A
=20 J r— T ey ——— =1
| 1550 1560 1570 1580 1590 . 1600 - ¢ 1610 1620

A cm'Ij' o — |

-z -



CROSS-SECTION (% OF SCALE)

100

FIGURE X 90% S0, IN SINGLE PASS GAS-CELL.

T 'LASER OUTPUT: 2 watts @ 51h.5 nm.
SENSITIVITY : 200 - -
90 PERTOD CONSTANT: 0.5
2ERO SUPPRESSION: O 1
SLIT WIDTH: 10 em
B0 = SLIT LENGTH: 10 em
SLIT: DOUBLE
- 70 <
60
50 =~
ho -
0 -
20
10 -
0 i
=10 -
-20 | p— 1 Y T .| | Y -
500 1600 700 800 900 1000 1100 11200 - 1300

_ea;



CROSS-SECTION (% OF SCALE)

100

90
8o
70
60
50
Lo
30
20

10

~10

~20

FIGURE XI -

LASER QUTPUT: 2 watts @ S1L,5 nm
| "SENSITIVITY: 200 : -
PERIOD CONSTANT: 0.5
2ERO SUPPRESSION: O
SLIT WIDTH: 10 em~*
SLIT LENGTH: 10 cm
" SLIT: DOUBLE

'90% HCL IN MULTIPASS GAS CELL

3060

{ ) | | T B 1 o "T
3080 31.00° 3120 ._,31h0. 3160 3160 3200 3220
. N :

) Aem

L |

- he -



F. APPLICATIONS TO ATMOSPHERIC PROCESSES

- In considering what éxperlmeﬁtal hardware 1is de51rable for
applying. 'Raman backscatter experlments, we need to first con81der
the lasers‘whlch are available. Table 3 lists the pr1n01ple=types
.of lasers which have been used or considered for atmospheric studies.
Fof Ramaﬁ backscatter meésuvemenfé}_visible wavelength lasers are
.mofe pépular; but moré attention'is being péid to uv emitters such
‘ as the N, laser, doubled ruby or quadrupled Nd-yag. It is anfici—
pated that the lncreased Raman cross- sectlon at the shorter wave- |
lengths will prov1de a greater return s;gnal than the excitation

_signal loses to the -atmosphere.

A survey 6f experimeﬁts already carried out is given iﬁ Table 4.
Included in this table is a ;iéting of the observable measured.

Thus one sees thét there are numerous parameters which are measurable
by remote laser-probes.r The uSe‘of laser Raman exclusively will
‘_enable sucﬁ parameters as molecular concentrations, mixing ratios,

and temperature profiles to be measured.

As an example, consider the estimatedumolecular concentrations
for the atmospheric species in Figure XIL. Applying thé results
givenrin Figuée>VII, it is obvious that for simple Raman cross-section,
"the Raman éignal can be weak indeed. However, if enhanced "‘Raman or
fluorescent signals aré possible, then specieé such as OH will be

. measurable at distances less than 100 km.



Type of Laser .

Ruby
Ruby SHG
Nb-Yag
Nd-Yag SHG
Nz-laser
Noble gas ion
Av
Ar
KR
Chemical laser
ﬁF”
HC1
DF

High-pressure
gas laser ‘

co

802
Organic dye
Parametric oscillator
Spin-flip Raman

Semiconductor diode

TABLE 3

OUTPUT POWER OF FIXED FREQUENCY AND TUNABLE LASERS

Wavelength
{nm)

694, 3

37,2

1064.0
532.0

337.1

488.0/515.0
351.1/366.8
647.1

2600-3600
3500-4100
3600-5000

4800-8500
9100-13000
340-1200

500-4000 -

 5300-14000

320-34000

| Single-
Mode c.w.

Output

{w)

-~

25(1000)

40(150)
5
y

4500
560
4500

10
5 ¥ 10
3 ¥ 107

5 ¥ 10~
(0.25)

Pulsed
Output
Peak Power
' or

Energy

3

125 J
5 J
650 J

26 J

107w

2000 W
250 w
200 w

10 4
14J

10 J°

S 300 J
500 J
10
10
10
107w

W

W

[ TR 'S R o R |

w:‘

Pulse
Rate

(pp)

Single-shot
.Single~shof

500
108
10°

106

Single-shot
Single-shof
Single-shot

Single-shot
Single-shot

100

103

103

- 9¢ -



TABLE 4. SURVEY ON LASER PROBING OF THE ATMOSPHERE

Technique

Investigator Used
 Melfi, ~ Elastic
Lawrence, Jr. scattering
McCormick’ - Raman
scattering -
Kent, Wright, Elastic
Sandland scattering
Sandford, Elastic
Bowman, scattering
Gibson
Resonance
Reagan, Mie
Herman scattering
Boneditti=- Mie _
Michelangeli scattering
et al. '
Looney Raman
scattering

 Peak Power Telescope .

Filtering

1.5nm

Wavelength and Energy Diameter
Laser {nm) (w)/(J) (em) ~ Devise Measurement Refs.
Ruby &  694.3 108 40 - Aerosol 9
- SHG 347.2° ‘
Ruby au7.2  2x10°%/0.04J w0 Double~ N,,0,,H,0 10
SHG o Monochr  profiles
Ruby 694.3 2x105/7J' 16m° "~ Infrared ‘Afmospheric' 2
' filter  density &
_ 2nm - tide
Ruby 69v.3  2x10%/50 30 - " Atmospheric - 11
| density §&
“ aerosol
Tunable  583.6  5x10°/0.01J  0.6m ; Atmospheric 12
' ' sodium layer
Ruby 694.3  10%/0.8J 20 Infrared Aerosols 13
' ' filter '
1.4nm:
Argon- 488.0 ;0.2(p.w.) 50 Fabry-  Aerosol 14
ion - Perot motion, wind
. velocity
Ruby 594.3 °  2.5x10°/2.5J 75 Infrared W, 15
l filter

- L7



TABLE 4 CONTINUED

Peak Pdwer

Telescope :
Technique Wavelength and Energy Diameter Filtering o
Investigator Used Laser (nm) {w)/{(J) (cm) Devise Measurement Refs.
Cooney (cont) Ruby & 347.2  1.8x167 75 Tnfrared H,0,N, 16
SHG. filter profiles
inm
Ruby. 694 .3 8x107/20J lm Infrared Temperature 17
‘filter  profile
0.7nm
Strauch, Raman N, laser 337.7  10%/107% 35 Infrared N, (temp. 18
Derr, Cupp scattering filter profile) '
Hz-profiie
Leonard Raman ' N2 laser 337.1 105/10;3J 20 Infrared N2,O2 19
‘scattering’ filter
3.5nm
N, laser 337.1  2.5x10" 25 Monochré- N, ,0,,C0,, 20
2 ‘ ' mator 2072
e HQO -
Inaba, Raman Ruby 594,3 107/0.15J 30 " Monochro- NQ,OQ,SOQ, 21
: } ) . matopy
Kobayasi, scattering . 7 Co,
Nakahara N2 laser 337.1 2xqu/lD'“J 30 Mon%cgro— Air pollutant 22
: = - » mato -
Nd-Yag 532.0 7x10°/7x10°%0 50 Infrared S0,
) filter
0.4nm

82 -
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Figure XII
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- 62 -



-G RECOMMENDATIONS FOR FURTHER LABCRATORY RESEARCH

In order that this feasibility study develop into a worth-
_whiie prdgrém, iﬁ isAnecesséry te formulate & lgborétory study
which can evolve into flight experimentafion. The present laser
systems aQailablé éfe suffipient,fof this purpose. The.argon ion
or afgonékrypton'ioh 1aser-is certéinly thé.most vérsafile‘for.

- . laboratory studies. Two other laser éystéms déserve consider;tioni
for their.ultraviqlet excitation lines. Tﬁe nitrogen laser and |
'the'doubléd ruby laser have both been used succéssfully, both in
the_laborétory and in fhe field. It is advantageous at this time
'té alsb gonsider the quadrupled Nd-YAG laser since all the Raman
‘iéhissioné:shown'in Figufe VII occur below 300 nm. Thisrmeans that
dayiight-experiments can bé performed 5elow the ozone layer of the
atmosphere using a sblar,blind photomultiplier tube to réduée

' backgroUﬁd‘photéns. Balloon flights would be an oby}ous épproach

for solar blind experiments.

The laboratory experiments most needed at this time appear to
'be,Raman cross-section measurements at various wavelengths. Initially
the resuits.of excitafion at 488.0 and 514.5 nm for molecuiar species
like ozone, hydrogen chloride, nitrogen oxides and organic -trace |
Speéies in fhe aromatic and aldehyde groups would be useful. Extenéipn
of these cross-sectional data to shorter wavelengths is necessary

if due cénsiderationhcdn be made to choosiné flight laser gystems.

For instance, at this time there is nothing iﬁitﬁe literature about

measurements from 265 nm excitation. In order to predict the use-



'Afﬁlness of a specific laser, more detailed information on Raman
¢ross-section$ has té become available.
Another'aréa.of:impdrtance is investigating the utility-éf thé

tuned laser to atmospﬁeficisensing so that molecﬁléf species such
as OH, Na, and-othérs‘can be monitbfed remotely. Tunébility will
enable the e#perimentalist to achieve a maximum return signal by
uéihg the wavelength ﬁhich_provides.an enhanced proceés, such as
_thé resonance Raman proéess. |

'-At‘the present time it 1is wortﬁwhile to begin a‘laboratory
program emphasizing Ramanrbackscatter cross-sections of significant
molecular species,.and the extension of the Raman pump frequency
.'ffubther into the ultraviolet. The data obtained ftom this program
- will enhance the development of_experiments to benefit flightl
programs and provide diréction for such-prégrams;ﬁas well as provide

significant data for these programs.
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